Reidelberger R, Haver A, Chelikani PK. Role of peptide in the satiety produced by gastric delivery of macronutrients in rats. Am J Physiol Endocrinol Metab 304: E944 -E950, 2013. First published March 12, 2013 doi:10.1152/ajpendo.00075.2013 ] is postulated to act as a hormonal signal from gut to brain to inhibit food intake. PYY(3-36) potently reduces food intake when administered systemically or into the brain. If action of endogenous PYY(3-36) is necessary for normal satiation to occur, then pharmacological blockade of its receptors should increase food intake. Here, we determined the effects of iv infusion of Y1, Y2, and Y5 receptor antagonists (BIBP 3226, BIIE 0246, CGP 71683) during the first 3 h of the dark period on food intake in non-food-deprived rats. Our results showed that 1) Y2 receptor blockade reversed the anorexic response to iv infusion of PYY(3-36) but did not increase food intake when administered alone; 2) Y1 and Y5 receptor antagonists neither attenuated PYY(3-36)-induced anorexia nor altered food intake when given alone; and 3) Y2 receptor blockade attenuated anorexic responses to gastric infusions of casein hydrolysate and long-chain triglycerides, but not maltodextrin. Previous work showed that Y2 antagonist BIIE 0246 does not penetrate the blood-brain barrier. Together, these results support the hypothesis that gut PYY(3-36) action at Y2 receptors peripheral to the blood brain barrier plays an essential role in mediating satiety responses to gastric delivery of protein and long-chain triglycerides, but not polysaccharide.
Thus, gut PYY has been postulated to act at Y2 receptors to produce satiety (2) .
If gut PYY action at Y2 receptors is necessary for normal satiation to occur, then food intake should increase in response to knockout of either the PYY gene or Y2 receptor gene or to pharmacological blockade of Y2 receptors. Germline deletion of the PYY gene increased food intake, however, in just one of three studies (7, 9, 48) . Deletion of the Y2 receptor gene also produced mixed results. One study reported an increase in food intake in both female and male mice (31) , while another reported an increase in food intake in females and a transient decrease in males (37) . Selective adult-onset deletion of Y2 receptors has been reported to increase food intake when deletion was confined to the hypothalamus (40) yet have no effect when localized to NPY neurons in the hypothalamus (40) or to tissues outside the brain (39) . Potential explanations for these different outcomes include developmental compensation in knockout mice, different techniques employed to create knockouts, and strain differences.
Studies using pharmacological blockade of Y2 receptors have also produced mixed results. In rats, injection of Y2 receptor antagonist BIIE 0246 into the hypothalamic arcuate nucleus (ARC) blocked the anorexic response to intraperitoneal (ip) injection of PYY and increased food intake in sated rats when administered alone during the light period, yet had no effect on feeding when administered at dark onset (2) . Food intake also was not changed when either Y2 receptor antagonist BIIE 0246 or JNJ-31020028 was injected systemically at a dose that blocked PYY(3-36)-induced anorexia (38, 41, 44) . It is not clear why these discrepancies occurred. If the Y2 receptor antagonist has a relatively short half-life, bolus dosing may not be sufficient to attenuate the satiety effects of a prolonged meal-induced secretion of PYY . Another possible reason is that Y2 receptor blockade is less able to increase food intake in previously food-deprived animals that already express a significant drive to eat. Furthermore, if PYY(3-36) is but one of several satiety signals produced by a specific meal, then Y2 receptor blockade alone may have little if any effect on ingestion of that meal.
Here, we systemically administered antagonists of PYY receptors to test the hypothesis that gut PYY plays an essential role in mediating nutrient-induced satiety. Initial experiments determined the effects of short-term, intravenous (iv) infusions of Y1, Y2, and Y5 receptor antagonists (BIBP 3226, BIIE 0246, and CGP 71683, respectively) at dark onset on food intake in rats and on the anorexic response to iv infusion of PYY . Subsequent experiments determined the effects of iv infusion of Y2 receptor antagonist BIIE 0246 on anorexic responses to gastric infusions of casein hydrolysate, a mixture of long-chain triglycerides, and maltodextrin. We reasoned that gastric infusion of the macronutrients might reduce a "ceiling effect" that limits the expression of an orexigenic response to Y2 receptor blockade in hungry rats. Using this approach, we previously provided evidence that the gut peptide cholecystokinin and the pancreatic peptide amylin play essential roles in mediating nutrient-induced satiety (34, 35, (45) (46) (47) .
METHODS

Subjects.
Male rats (Sasco Sprague Dawley, Charles River Laboratories, Kingston, NY; ϳ350 g at start of study) were housed individually in hanging wire-mesh cages in a temperature-controlled room with a 12:12-h light-dark cycle (lights off at 1600). Animals were provided rat chow (Labdiet, 5001 Rodent diet, 3.3 kcal/g; PMI Nutrition International, Brentwood, MO) and water ad libitum. The Animal Studies Subcommittee of the Omaha Veterans Affairs Medical Center approved the experimental protocol.
Surgical procedures. Procedures for implanting a gastric catheter for nutrient infusion and a jugular vein catheter for administration of PYY and Y1, Y2, and Y5 receptor antagonists were described previously (34, 45) . Gastric and jugular vein catheters were filled with water and heparinized saline (40 U/ml), respectively, plugged with stainless steel wire, and flushed every other day to maintain patency. Catheters were connected to 40-cm lengths of tubing passed through a protective spring coil, connected between a lightweight saddle worn by the rat and either a single-or double-channel infusion swivel (Instech Laboratories, Plymouth Meeting, PA). The double-channel swivel permitted simultaneous administration of Y2 antagonist intravenously and macronutrient intragastrically.
PYY and Y1, Y2, and Y5 receptor antagonists. Rat PYY(3-36) was synthesized by Fmoc solid-phase methodology (4) and purified by reverse-phase high-performance liquid chromatography. Proof of structure was provided by electrospray mass spectrometry. BIBP 3226 (Y1 antagonist), BIIE 0246 (Y2 antagonist), and CGP 71683 (Y5 antagonist) were purchased from Tocris Bioscience (R&D Systems, Minneapolis, MN).
Effects of Y1, Y2, and Y5 receptor antagonists on food intake and PYY -induced anorexia. Three experiments were performed. The first experiment determined the effects of iv infusion of Y1 antagonist BIBP 3226 (3,000 pmol · kg Ϫ1 · min Ϫ1 ) on feeding and on the anorexic response to iv infusion of PYY(3-36) (30 pmol · kg Ϫ1 · min Ϫ1 ). This PYY dose is approximately twice the mean effective dose of PYY(3-36) for inhibiting food intake in rats under the same feeding conditions (15) . This dose was chosen because it significantly reduced 3-h food intake by ϳ40%. The second and third experiments of similar design determined the effects of iv infusions of Y2 antagonist (BIIE 0246) and Y5 antagonist (CGP 71683) on feeding and on the anorexic response to PYY(3-36) infusion. Two different sets of rats were used for these experiments. One set was used for the Y1 receptor antagonist; the other set was used for the Y2 and Y5 receptor antagonists.
Animals were permitted at least 1 wk to recover from surgery. They were then tethered to infusion swivels and adapted to experimental conditions for at least 1 wk before start of experiments. Excess amounts of fresh ground rat chow were provided each day at 1300. In the first experiment, non-food-deprived rats (n ϭ 16) received a 3.75-h iv infusion of BIBP 3226 (3,000 pmol · kg Ϫ1 · min Ϫ1 ; 1.5 ml/h) or vehicle [2% dimethylsulfoxide (DMSO); 1% Tween 80, 97% 0.15 M NaCl, 0.1% bovine serum albumen (BSA)] beginning 30 min before receiving a 3-h iv infusion of PYY(3-36) (30 pmol · kg Ϫ1 · min Ϫ1 ; 1.5 ml/h) or vehicle (0.15 M NaCl, 0.1% BSA), which began 15 min before dark onset. BIBP 3226 infusion was begun 30 min before PYY(3-36) infusion to give BIBP 3226 a competitive advantage in binding to Y1 receptors. Cumulative hourly food intake during the first 4 h after dark onset was determined, as described previously, from continuous computer recordings of changes in food bowl weight (45) . Infusions were administered using a syringe infusion pump (Harvard Apparatus, South Natick, MA); pumps were turned on and off by computer program. Each rat received each treatment in random order at intervals of at least 48 h. At the end of the experiment, data from a rat were excluded if its jugular vein catheter was not patent. A catheter was deemed patent if the rat lost consciousness within 10 s of a bolus injection of the short-acting anesthetic brevital into the catheter. In the second and third experiments of similar design, rats (n ϭ 16) received iv infusions of either Y2 antagonist BIIE 0246 (3, ) on feeding responses to gastric infusion of a mixture of long-chain triglycerides (4 and 6 kcal/h, 2 and 3 ml/h, respectively, Liposyn II; Hospira, Lake Forest, IL). Liposyn II contains 10% safflower oil, 10% soybean oil, 1.2% egg phosphatides, and 2.5% glycerin in water (2 kcal/ml); major triglyceride fatty acids were 65.8% linoleic, 17.7% oleic, 8.8% palmitic, 3.4% stearic, and 4.2% linolenic acid. Two experiments of identical design determined the effects of Y2 antagonist BIIE 0246 (3,000 pmol · kg Ϫ1 · min Ϫ1 ) on feeding responses to 2-h gastric infusion of maltodextrin (2 and 4 kcal/h, 4 ml/h, Polycose; Abbott Nutrition, Columbus, OH). Water was used as vehicle and diluent for Tryptone and Polycose, while saline was used for Liposyn II. Two different sets of rats were used for these experiments. One set was used for the 2 kcal/h dose of Tryptone, 6 kcal/h dose of Liposyn II, and 4 kcal/h dose of Polycose. A second set was used for the 3 kcal/h dose of Tryptone, 4 kcal/h dose of Liposyn II, and 2 kcal/h dose of Polycose. Based on our similar studies using duodenal nutrient infusions (34, 35) , these macronutrient doses were predicted to produce a 25-50% reduction in food intake during the first few hours of the dark period. Yiin et al. (49) have provided evidence that, in rats, similar gastric rates of infusion of Polycose, corn oil, and casein produce learned flavor preferences rather than aversions, suggesting that they do not reduce food intake by producing malaise.
Statistical analyses. Values are presented as group means Ϯ SE. Effects of Y receptor antagonists on feeding, PYY(3-36)-induced inhibition of feeding, and feeding responses to gastric nutrient infusions were evaluated by repeated-measures ANOVA. Feeding data included cumulative hourly food intake during the 4-h test period. Planned comparisons of treatment means were evaluated by paired t-tests. Differences were considered significant if P Ͻ 0.05. Figure 1A shows the individual and combined effects of iv infusions of Y1 antagonist BIBP 3226 (3,000 pmol · kg Ϫ1 · min
RESULTS
Effects of Y1, Y2, and Y5 receptor antagonists on food intake and PYY(3-36)-induced anorexia.
Ϫ1
) and PYY(3-36) (30 pmol · kg Ϫ1 · min
) on food intake during the early dark period. ANOVA showed a significant main effect of the 3-h infusion of PYY(3-36) on cumulative food intake at 1, 2, 3, and 4 h after infusion onset and no significant main effect of Y1 antagonist or interaction of Y1 antagonist and PYY on cumulative intake at any time point. Comparisons of individual treatment means showed that PYY(3-36) significantly reduced cumulative intake at 1, 2, 3, and 4 h after infusion onset by 58, 59, 62, and 53% compared with the response to vehicle infusion. Y1 antagonist neither attenuated PYY(3-36)-induced anorexia nor altered food intake when given alone. Figure 1B shows the individual and combined effects of iv infusions of Y2 antagonist BIIE 0246 (3,000 pmol · kg Ϫ1 · min Ϫ1 ) and PYY(3-36) (30 pmol · kg Ϫ1 · min Ϫ1 ) on food intake. ANOVA showed significant main effects of Y2 antagonist and PYY(3-36) on cumulative food intake at 2, 3, and 4 h and a significant interaction of Y2 antagonist and PYY on cumulative intake at 4 h. Comparisons of individual treatment means showed that PYY(3-36) significantly reduced cumulative intake at 2, 3, and 4 h by 21, 33, and 37%, respectively. Y2 antagonist significantly reversed PYY(3-36)-induced anorexia at 2, 3, and 4 h by 53, 68, and 75%, respectively, yet had no significant effect on food intake when given alone. Figure 1C shows the individual and combined effects of iv infusions of Y5 antagonist CGP 71683 (3,000 pmol · kg Ϫ1 · min Ϫ1 ) and PYY(3-36) (30 pmol · kg Ϫ1 · min Ϫ1 ) on food intake during the early dark period. ANOVA showed a significant main effect of PYY(3-36) on cumulative food intake at 2, 3, and 4 h and no significant main effect of Y5 antagonist or interaction of Y5 antagonist and PYY(3-36) on cumulative intake at any time point. Comparisons of individual treatment means showed that PYY(3-36) significantly reduced cumulative intake at 1, 2, 3, and 4 h after infusion onset by 20, 21, 41, and 49%, respectively. Y5 antagonist neither attenuated PYY(3-36)-induced anorexia nor altered food intake when given alone. Figure 2 , A and B, shows the effects of iv infusion of Y2 antagonist BIIE 0246 (3,000 pmol · kg Ϫ1 · min Ϫ1 ) on anorexic responses to 2-h gastric infusions of casein hydrolysate (4 and 6 kcal of Tryptone) during the early dark period. The 4-kcal dose of Tryptone significantly reduced cumulative intake at 1, 2, 3, and 4 h by 81, 41, 35, and 26%, respectively, compared with the response to vehicle infusion. Y2 antagonist significantly reversed Tryptone-induced anorexia at 1, 3, and 4 h by 77, 95, and 95%, respectively ( Fig.  2A) . The 6-kcal dose of Tryptone significantly reduced cumulative intake at 1, 2, 3, and 4 h by 68, 64, 34, and 24%, respectively; Y2 antagonist did not attenuate Tryptone-induced anorexia at any time point (Fig. 2B) . Figure 2 , C and D, shows the effects of iv infusion of Y2 antagonist BIIE 0246 (3,000 pmol · kg Ϫ1 · min Ϫ1 ) on anorexic responses to 2-h gastric infusions of a mixture of long-chain triglycerides (8 and 12 kcal of Liposyn II). The 8-kcal dose of Liposyn significantly reduced cumulative intake at 3 and 4 h by 25 and 15%, respectively; Y2 antagonist significantly reversed Liposyn-induced anorexia at 3 h by 97% (Fig. 2C) . The 12-kcal dose of Liposyn significantly reduced cumulative intake at 2, 3, and 4 h by 26, 34, and 28%, respectively; Y2 antagonist did not attenuate Liposyn-induced anorexia at any time point (Fig. 2D) . Figure 2 , E and F, shows the effects of iv infusion of Y2 antagonist BIIE 0246 (3,000 pmol · kg Ϫ1 · min Ϫ1 ) on anorexic responses to 2-h gastric infusions of maltodextrin (4 and 8 kcal of Polycose). The 4-kcal dose of Polycose did not significantly reduce cumulative intake at any time (Fig. 2E) . The 8-kcal dose of Polycose significantly reduced cumulative intake at 1, 3, and 4 h by 50, 31, and 26%, respectively; Y2 antagonist did not attenuate Polycose-induced anorexia at any time point (Fig. 2F) .
Effects of Y2 receptor blockade on feeding responses to gastric infusions of casein hydrolysate, long-chain triglycerides, and maltodextrin.
DISCUSSION
Here, we systemically administered antagonists of Y receptors to test the hypothesis that gut PYY(3-36) plays an essential role in mediating nutrient-induced satiety. We determined the effects of iv infusion of Y1, Y2, and Y5 receptor antagonists (BIBP 3226, BIIE 0246, and CGP 71683, respectively) during the first 3 h of the dark period on food intake in non-food-deprived rats. Our results showed that 1) Y2 receptor blockade reversed the anorexic response to iv infusion of PYY(3-36) but did not increase food intake when administered alone; 2) Y1 and Y5 receptor antagonists neither attenuated PYY(3-36)-induced anorexia nor altered food intake when given alone; and 3) Y2 receptor blockade attenuated anorexic responses to gastric infusions of lower doses of casein hydrolysate and long-chain triglycerides but not to maltodextrin infusions. Previous work showed that Y2 antagonist BIIE 0246 does not penetrate the blood-brain barrier (13) . Together, these results support the hypothesis that gut PYY(3-36) action at Y2 receptors peripheral to the blood-brain barrier plays an essential role in mediating satiety responses to gastric delivery of protein and long-chain triglycerides but not polysaccharide.
Previous studies reported no change in food intake in rodents when either Y2 receptor antagonist BIIE 0246 or JNJ-31020028 was injected systemically at a dose that blocked PYY (3-36)-induced anorexia (38, 41, 44) . However, if the antagonists have a relatively short half-life, their bolus dosing may not have been sufficient to attenuate the satiety effects of a prolonged meal-induced secretion of PYY . Y2 receptor blockade also may not have been able to significantly increase food intake if antagonists were administered to animals that already expressed a significant drive to eat. Indeed, in the present study, a 3-h iv infusion of Y2 receptor antagonist that reversed PYY(3-36)-induced anorexia did not increase food intake when administered alone to rats during the early dark period of active food intake. In an attempt to obviate these possible problems in the present study, we examined the effects of prolonged iv infusion of the Y2 receptor antagonist BIIE 0246 on anorexic responses to gastric nutrient infusions. Our results suggest that the nutrient infusions may have reduced a "ceiling effect" that limited the expression of an orexigenic response to Y2 receptor blockade in the hungry rats. We previously provided evidence using this approach that the gut peptide cholecystokinin and the pancreatic peptide amylin play essential roles in mediating nutrient-induced satiety (34, 35, (45) (46) (47) .
In the present study Y2 receptor blockade attenuated anorexic responses to gastric infusions of lower but not higher doses of casein hydrolysate and long-chain triglycerides. We observed a similar inverse relationship between orexigenic responses to CCK receptor blockade and rate of macronutrient delivery to the gastrointestinal tract (35, (45) (46) (47) . Together, these results suggest that gut peptides PYY and CCK each play an essential role in mediating the satiety response to lower rates of nutrient delivery to the gastrointestinal tract and that higher delivery rates stimulate redundant satiety mechanisms. For example, in the present study, higher rates of nutrient delivery to the stomach may have produced higher rates of secretion of gastrointestinal peptides CCK, amylin, and glucagon-like peptide-1, which further inhibited gastric emptying to produce a greater gastric distention-induced satiation that was resistant to Y2 receptor blockade (14, 33, 36) . Thus, discrepancies among studies examining the effects of Y2 receptor blockade on food intake may have been due in part to differences in redundancy of satiety signaling produced by the different experimental meals employed.
Here, we show that peripheral administration of a Y2 receptor antagonist attenuated anorexic responses to gastric infusions of casein hydrolysate and long-chain triglycerides, but not maltodextrin. A possible explanation for this is that intragastric infusions of maltodextrin stimulated redundant satiety signaling to a greater degree than the lower doses of casein hydrolysate and lipid, such that Y2 receptor blockade had no effect on maltodextrin-induced anorexia. Other studies suggest that gastrointestinal delivery of protein and lipid increase plasma PYY levels to a greater degree than carbohydrate, although results varied considerably across species, treatment conditions, and sites of nutrient delivery [ (7, 16, 17, 20, 21, 24, 28) ; see also Refs. 10 and 43] . A specific role for PYY in mediating the satiating effects of high-protein diets is supported by evidence showing that high-protein diet-induced anorexia is attenuated in PYY-null mice (7). Our work here extends these findings to suggest that gut PYY plays an essential role in mediating satiety responses to gastrointestinal delivery of protein and long-chain triglycerides but not polysaccharide.
The mechanism through which PYY(3-36) reduces food intake remains to be determined. A direct action of circulating PYY at Y2 receptors in the ARC has been proposed (2, 6) . Supporting evidence includes that 1) iv injected PYY penetrates the blood-brain barrier in mice (32); 2) ARC neurons possess Y2 receptors in rodents (11); 3) injection of PYY into the ARC reduces food intake in rats (6); 4) injection of Y2 receptor antagonist BIIE 0246 into the ARC blocks the anorexic response to ip injection of PYY and increases food intake in sated rats (2); and 5) we previously showed that iv infusion of PYY at the dose used in the present study increases Fos, an indicator of neural activation, in the ARC of rats (8) .
Other studies support the hypothesis that gut PYY(3-36) acts at Y2 receptors peripheral to the blood-brain barrier to reduce food intake. Supporting evidence includes the following: 1) subcutaneous injection of PYY(3-36) conjugated to albumen reduces food intake in rats despite its inability to penetrate the blood-brain barrier or to increase Fos expression in the ARC (5); and 2) vagal afferent neurons possess Y2 receptors (26) , and subdiaphragmatic vagotomy attenuates PYY(3-36)-induced anorexia in rats (1, 26) , although not in mice (23) . The present study further supports this hypothesis. Intravenous infusion of Y2 receptor antagonist BIIE 0246, which does not readily penetrate the blood-brain barrier (13) , attenuated anorexic responses to iv infusion of PYY and to gastric infusions of casein hydrolysate and long-chain triglycerides but not maltodextrin. Together, these results suggest that gut PYY(3-36) action at Y2 receptors peripheral to the blood-brain barrier plays an essential role in mediating satiety responses to gastric delivery of protein and long-chain triglycerides but not polysaccharide. The relative importance of peripheral and central Y2 receptors in mediating nutrientinduced satiety remains to be determined.
